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Introduction
The emergence of nanotechnology has improved cancer chemotherapy over the last decade (1) (2) (3) (4) (5) (6) . This also holds true for pancreatic ductal adenocarcinoma (PDAC), which in spite of its poor prognosis, has shown modest improvement (~2 months) in overall survival (OS) with the introduction of 2 FDA-approved carriers, Abraxane and Onivyde. The Abraxane effect reflects the ability of this albumin carrier to deliver paclitaxel, which enhances gemcitabine uptake, while the liposomal carrier (Onivyde) improves the pharmacokinetics of irinotecan delivery (7, 8) . However, in spite of the modest improvement in OS (7) (8) (9) (10) (11) , a key challenge for delivery of chemotherapy by nanocarriers remains restricted vascular access due to vascular abnormalities and a desmoplastic stroma that contributes to dense pericyte coverage of vascular fenestrations (12, 13) . In fact, the blocked egress of nanoparticles from the PDAC vascular bed does not conform to the idea of an enhanced permeability and retention (EPR) effect resulting from leaky blood vessels (12) (13) (14) (15) . We have previously demonstrated that stromal-vascular engineering by a nanocarrier, which delivers a small molecule inhibitor of the TGF-β receptor signaling pathway, is capable of improving vascular egress of gemcitabine-loaded liposomes in PDAC as a result of interfering with pericyte adherence to endothelial cells (16) .
Another important recent advance has been the discovery of a vascular transcytosis pathway that allows nanocarrier uptake at the tumor site by a mechanism that differs from the EPR effect (17) (18) (19) (20) (21) . It has been demonstrated that this pathway can be initiated by the cyclic tumor-penetrating peptide iRGD (CRGDK/RGPD/ EC), which interacts with the neuropilin-1 (NRP-1) receptor (17, 19, 20) . NRP-1 plays a key role in tumor angiogenesis and can also be engaged by VEGFs that contain an RXXR sequence, also dubbed the C-terminal rule (CendR) motif (18, 21) . The transcytosis pathway is not only distinct from other endocytic uptake mechanisms (e.g., caveolae, clathrin-coated pits, and macropinocytosis), but it also allows entry of small drug molecules, monoclonal antibodies (e.g., trastuzumab), and nanoparticles (e.g., Abraxane and doxorubicin liposomes) during iRGD coadministration (19, 21) . Importantly, this effect is not dependent on direct conjugation of the peptide to the drug or carrier, as demonstrated by gemcitabine uptake in some (but not all) experimental PDAC models (22) . However, no detailed investigation of the PDAC transcytosis pathway has been undertaken, and it is unknown whether it could be beneficial from the perspective of iRGD peptide coadministration to further enhance the nanocarrier OS effects (7, 8) .
We have developed a multifunctional mesoporous silica nanoparticle (MSNP) platform (16, (23) (24) (25) that has recently been adapted to provide high-dose PDAC chemotherapy using a supported lipid bilayer (LB) for drug encapsulation (26, 27) . This carrier has also been designated as a "silicasome" to distinguish it from morphologically similar liposomal carriers, which contain a nonsupported LB. However, compared with liposomes, including an in-house liposomal carrier for the irinotecan, silicasomes have Pancreatic ductal adenocarcinoma (PDAC) is almost uniformly fatal; however, some improvement in overall survival has been achieved with the introduction of nanocarriers that deliver irinotecan or paclitaxel. Although it is generally assumed that nanocarriers rely principally on abnormal leaky vasculature for tumor access, a transcytosis transport pathway that is regulated by neuropilin-1 (NRP-1) has recently been reported. NRP-1-mediated transport can be triggered by the cyclic tumor-penetrating peptide iRGD. In a KRAS-induced orthotopic PDAC model, coadministration of iRGD enhanced the uptake of an irinotecan-loaded silicasome carrier that comprises lipid bilayer-coated mesoporous silica nanoparticles (MSNPs); this uptake resulted in enhanced survival and markedly reduced metastasis. Further, ultrastructural imaging of the treated tumors revealed that iRGD coadministration induced a vesicular transport pathway that carried Au-labeled silicacomes from the blood vessel lumen to a perinuclear site within cancer cells. iRGD-mediated enhancement of silicasome uptake was also observed in patient-derived xenografts, commensurate with the level of NRP-1 expression on tumor blood vessels. These results demonstrate that iRGD enhances the efficacy of irinotecan-loaded silicasome-based therapy and may be a suitable adjuvant in nanoparticle-based treatments for PDAC.
Tumor-penetrating peptide enhances transcytosis of silicasome-based chemotherapy for pancreatic cancer The top panel provides a schematic that shows the synthesis steps for constructing silicasomes and remote drug loading (26, 27) . Briefly, MSNP cores were synthesized by sol-gel chemistry and soaked in a solution containing the protonating agent, TEA 8 SOS. These particles were coated with an LB, using a sonication procedure in the presence of a lipid biofilm (27) . This was followed by remote irinotecan loading across the proton gradient provided by TEA 8 SOS. Box 1: schematic of the different silicasome components. Box 2: iRGD peptide conjugation to the LB, using a thiol-maleimide reaction to link the cysteine-modified iRGD peptide to DSPE-PEG 2000 -maleimide. Box 3: cryoEM images to show the bare particles and the silicasomes, with and without the embedding of approximately 10 nm Au cores (for TEM visualization). Synthesis procedures are described in Supplemental Materials and Methods. Scale bars: 50 nm. (B) Autopsy and IVIS images of the KPC-derived orthotopic PDAC model in immunocompetent B6/129 mice. The orthotopic implantation involves minor surgery to inject 2 × 10 6 KPC-luc cells in the tail of the pancreas (left panel). The autopsy and bioluminescence imaging reveal primary tumor growth after 1 to 2 weeks, followed by tumor metastases by 3 to 5 weeks. Macrometastases are marked by arrows. Figure 1A ). The remote loading procedure was used to synthesize an irinotecan-loaded silicasome batch that achieved a drug-loading capacity of approximately 50% by weight (50 wt%) (% weight per weight [w/w], irinotecan/MSNP) (27) . To determine whether conjugation of an iRGD peptide onto the silicasome surface can affect carrier biodistribution to the PDAC tumor site, we also synthesized a particle batch in which the DSPE-PEG 2000 component of the LB was used for conjugation to a cysteine residue in the peptide. This was accomplished by substituting DSPE-PEG 2000 with DSPE-PEG 2000 -maleimide (see Methods), allowing thiol-maleimide coupling to the cysteine-modified peptide Cys-c (CRGDKGPDC) ( Figure 1A ). To confirm the success of the conjugation reaction, we used a FAM-labeled version of the peptide (FAM-iRGD) developed by Sugahara et al. to perform fluorescence spectroscopy of conjugated silicasomes after extensive washing (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI92284DS1) (17) . This confirmed the stable association of the fluorescent peptide with the LB. The density of iRGD conjugation was limited to approximately 3 molar percentage (mol%) (of all LB components) to prevent colloidal instability and interference in carrier uptake. The uptake of the intact silicasome-iRGD carrier was confirmed by flow cytometry and confocal microscopy in KPC cells (Supplemental Figure 1 , B and C). In order to perform transmission electron microscopy (TEM) visualization of the transcytosis process in PDAC tumors, we also synthesized a batch of core-shell MSNPs that included approximately 10 nm electron-dense Au-nanoparticles ( Figure 1A) . Similarly to the bare particles, the core/shell particles could be effectively coated with an LB, as demonstrated by cryo-electron microscopy (CryoEM) ( Figure 1A ). The detailed synthesis and characterization procedures for all the carriers used in this communication are discussed in Supplemental Materials and Methods. The main physicochemical characteristics of silicasomes are summarized in Table 1 .
Comparison of the effect of conjugated versus nonconjugated iRGD peptide on silicasome biodistribution in an orthotopic PDAC model. Luciferase-expressing KPC cells derived from a spontaneous PDAC tumor from a transgenic Kras
Pdx1-Cre animal were orthotopically implanted in the pancreas tails in immunocompetent B6/129 mice ( Figure 1B) (27, 28) . This stringent PDAC tumor model mimics human PDAC for oncogene expression, growth characteristics, metastasis, histological features, and development of a dysplastic stroma (28, 29) . Figure 1B summarizes the details of the tumor growth characteristics and metastasis as seen during animal autopsy and IVIS imaging. Silicasome biodistribution to the orthotopic tumor site was assessed by a one-time i.v. injection of 50 mg/kg near-infrared (NIR) dye-labeled (DyLight 680) particles that were either nonconjugated (i.e., iRGD-free status) or peptide conjugated (silicasome-iRGD) (Figure 2A) . A third group of animals received coadministration of 8 μmol/kg free peptide plus nonconjugated particles (silicasome + iRGD). IVIS imaging of the explanted organs, performed 24 hours after initial been shown to exhibit a significantly higher drug-loading capacity, improved circulatory stability (as a result of the supported LB), and reduced drug leakage (27) . These features allow for improved pharmacokinetics and treatment efficacy of silicasomes versus liposomes in a stringent orthotopic Kras PDAC model developed by using KPC cells (derived from a spontaneous PDAC tumor from a transgenic Kras
Pdx1-Cre mouse) (27) (28) (29) . In addition, silicasomes also provide major toxicity reduction in the gastrointestinal tract, liver, and bone marrow compared with the liposomal equivalent (27) . Besides the success with irinotecan, the silicasome platform has also been adapted for synergistic delivery of paclitaxel and gemcitabine, allowing it to significantly (>10-fold) outperform the combination of free gemcitabine with Abraxane in an orthotopic PDAC model (26) . It is noteworthy that the above results with silicasome carriers could be achieved by "passive" delivery without the need to resort to targeting ligands.
Given this background, we were interested in the impact of transcytosis on the efficacy of PDAC treatment by irinotecan-loaded silicasomes and whether transcytosis is best accomplished by iRGD conjugation to the carrier or its coadministration. We demonstrate the feasibility of using the coadministration of free iRGD peptide to enhance carrier uptake and treatment efficacy in a Kras orthotopic model. Moreover, we provide ultrastructural evidence of a grouped vesicle system that allows transport of Au-labeled silicasomes from the blood vessel lumen to a perinuclear site in cancer cells. We also demonstrate in patient-derived PDAC xenografts that the relative abundance of NRP-1 expression on the tumor vasculature determines the response magnitude to silicasomes through the use of iRGD coadministration. All considered, these data demonstrate an important nanocarrier delivery pathway in addition to the traditional reliance on increased vascular permeability at the tumor site.
Results

Synthesis and characterization of silicasomes for drug loading and visualization in PDAC tumors.
We previously demonstrated high irinotecan loading by an LB-coated MSNP (also known as a silicasome) using a remote loading technique that relies on a protonating agent ( Figure 1A ) (27) . Irinotecan is a weak basic and amphi- tumor sites. In contrast, the iRGD-conjugated carrier failed to exert a significant effect on the number of particles as well as the traveling distance in our KPC orthotopic model (Supplemental Figure 3) . The above findings pave the way for choosing free rather than conjugated iRGD to perform subsequent efficacy studies. Because all nanocarriers are also taken up in the reticuloendothelial system (RES), it is important to comment on the silicasome uptake in the liver and spleen (with little appreciable effects on the lungs, hearts, and kidneys), as seen in Figure 2A . Interestingly, IVIS imaging showed a possible increase in the biodistribution of the conjugated carrier to the RES organs. This was confirmed by an increased Si content in the liver and spleen during performance of ICP-OES (Supplemental Figure 4) . While we lack an exact explanation for this observation, it is possible that peptide conjugation, directly or indirectly, leads to particle opsonization and increased uptake by scavenger receptors, independently of NRP-1 (31) .
iRGD coadministration enhances the efficacy of irinotecan delivery by silicasome. To demonstrate the possible therapeutic benefit of iRGD coadministration in PDAC treatment with the irinotecan-loaded silicasome, an efficacy experiment was performed in the same orthotopic tumor model. Animals received i.v. injection of the irinotecan-loaded silicasomes at a drug dose of 40 mg/kg (equivalent to carrier dose of 80 mg/kg) with or without coadministration of 8 μmol/kg iRGD. Treatment commenced 13 days after orthotopic implantation of 2 × 10 6 KPC-luc cells ( Figure 3A ), at which time the primary tumor size was approximately 3 to 5 mm in the absence of macrometastasis (27) . Injections were repeated every 3 days, for a total of 4 administrations ( Figure 3A ). The control groups consisted of animals receiving i.v. PBS, the irinotecan-loaded silicasome alone (same dose), or free iRGD alone (same dose). Kaplan-Meier plots were used to express animal survival (27, 32) , and animal autopsy was used to assess local tumor injection and animal sacrifice, demonstrated a prominent increase in the NIR-signaling intensity at the tumor site for the silicasome + iRGD group compared with the signaling intensity in the silicasome-iRGD or silicasome-only groups ( Figure 2A ). Coadministration of free iRGD did not significantly influence the particle distribution in normal organs. Imaging intensity was quantified by IVIS Lumina Living Image software. In contrast to their lack of an in vivo effect, the peptide-conjugated silicasomes could be seen to enhance carrier uptake in KPC cells (Supplemental Figure 1 , B and C). We interpret that as sufficient NRP-1 receptor density to initiate transmembrane uptake, while the receptor abundance at the tumor vascular site may be more limiting to the number of conjugated particles that dock and are allowed through, as previously reported for in vitro/in vivo comparisons by Ruoslahti et al. (17, 18, 30) . In order to show that the NIR intensity ( Figure 2B ) reflects actual MSNP uptake, inductively coupled plasma optical emission spectrometry (ICP-OES) was used for quantification of the tumor Si content ( Figure 2B ). This demonstrated a significant (~3-fold) increase in Si content in the silicasome + iRGD group compared with the silicasome-iRGD or the silicasome-only groups. We also demonstrated the importance of the CendR motif for PDAC biodistribution by performing a separate experiment to show that silicasome coadministration with a control non-CendR peptide, cyclo (RGDfK) (19) , was incapable of enhancing silicasome uptake (Supplemental Figure 2 ). This result was also confirmed by ICP-OES (Supplemental Figure 2) .
Tumor tissue sections were used to assess the relative abundance of intratumor biodistribution of NIR-labeled silicasomes and traveling distance from the tumor blood vessels, which were stained with Alexa Fluor 488-conjugated anti-CD31 (Supplemental Figure  3) . This analysis showed that iRGD coadministration was the most effective strategy for enhancing silicasome uptake at orthotopic The tumor-bearing mice received (a) 50 mg/kg of NIR-labeled silicasome i.v. with coadministration of 8 μmol/kg free iRGD (n = 3, referred to as silicasome + iRGD), (b) 50 mg/kg of the NIR-labeled, iRGD-conjugated silicasome (n = 3, referred to as silicasome-iRGD), or (c) 50 mg/kg NIR-labeled silicasome without iRGD (n = 3). Animals were sacrificed 24 hours after injection, followed by ex vivo NIR imaging using IVIS. (B) NIR fluorescence intensity and Si content were used to quantify the nanoparticle content in the orthotopic tumors. Data represent mean ± SD. *P < 0.05, 1-way ANOVA followed by Tukey's test. This experiment was repeated twice. inhibiting the spread to the liver, stomach, and intestines ( Figure  3B ). The heat map in Figure 3C provides a quantitative display of the impact of the coadministered peptide on metastatic disease. In addition, log-rank testing (SPSS 19.0 software, IBM SPSS Statistics) also demonstrated that, compared with the PBS group, treatment with the irinotecan-loaded silicasome alone improved spread and the presence of metastasis. Numerous metastatic foci could be seen in the spleens, intestines, stomachs, livers, and kidneys of animals treated with saline or free iRGD peptide ( Figure  3B ). While the irinotecan-loaded silicasome significantly reduced the tumor burden and number of metastases, iRGD coadministration further enhanced shrinking of the primary tumor as well as (D) iRGD coadministration improved the survival impact of the irinotecan-loaded silicasome, as shown by Kaplan-Meier analysis. The effect of silicasome alone is highly significant compared with that of PBS and free iRGD (P = 0.001, log-rank test). iRGD coadministration further enhances survival (P = 0.027, log-rank test). (E) HPLC analysis of the irinotecan content in the tumor 24 hours after a one-time dose of irinotecan-loaded silicasome (40 mg/kg drug) was injected, with or without coadministration of 8 μmol/kg iRGD. Data represent mean ± SD (n = 3). *P < 0.05, 2-tailed Student's t test. survival by 28.6% compared with 57.1% during coadministration of the iRGD peptide ( Figure 3D) ; this difference is statistically significant (P = 0.027). We also confirmed that there was a significant (~2-fold) increase in the intratumoral content of irinotecan in animals receiving a one-time administration of iRGD (8 μmol/kg) i.v. together with irinotecan-loaded silicasomes (40 mg/kg drug), as determined by HPLC at 24 hours ( Figure 3E ). iRGD-mediated silicasome uptake requires NRP-1 expression on the tumor vasculature. The mechanism of action of iRGD in mediating drug uptake is dependent on homing to α v β 3 or α v β 5 integrins, which are preferentially expressed on cancer blood vessels (33, 34) . Binding of the cyclic peptide to the integrins is followed by cleavage and release of the C-terminal end of cleaved iRGD, which mediates the interaction with NRP-1 (this is also known as C-end rule). NRP-1 binding leads to the triggering of a system of vesicles that can assist drug and nanoparticle transport (17, 19, 21) . A schematic demonstrating the mechanism by which iRGD initiates nanoparticle transcytosis is shown in Supplemental Figure 5 (19) . In order to determine the expression of NRP-1 at the KPC tumor site, IHC staining was performed by Alexa Fluor 488-labeled anti-NRP-1, while endothelial cells and nuclei were localized by staining with Alexa Fluor 594-labeled anti-CD31 and DAPI, respectively. Fluorescent microscopy and ImageJ (NIH) analysis were performed to determine percentage of overlap of NRP-1 with CD31; this demonstrated 94.2% colocalization ( Figure 4A ). To verify the role of NRP-1 in silicasome uptake at the orthotopic tumor site, tumor-bearing mice were preinjected with an antagonist antibody to the b1b2 domain of NRP-1 (17, 19) . Subsequent administration of iRGD plus NIR-labeled silicasomes demonstrated a definitive reduction in the carrier uptake compared with that of animals not treated with a blocking antibody ( Figure 4B ). The same interference was not seen with the control IgG ( Figure 4B ). These data confirm the role of NRP-1 in iRGD-mediated silicasome uptake.
Ultrastructural demonstration of the transport of silicasomes by the transcytosis system at the KPC cancer site. It has been demonstrated that binding of the C-terminal end of iRGD to NRP-1 can initiate a bulk transcytosis pathway that involves a novel vesicular transport mechanism (17, 19, 21) . To the best of our knowledge, this transcytosis pathway has never been directly visualized during the transport of a therapeutic nanocarrier to the site of a tumor. Electron microscopy (EM), which could provide visual enhancement, was used for ultrastructural analysis of the iRGD-mediated transport pathway in the KPC model. Initially, we compared TEM images taken of the harvested tumor at different intervals after the i.v. injection of silicasomes, with or without iRGD coadministration ( Figure 5A ). At 24 hours, iRGD coadministration could clearly be seen to have induced the formation of grape-like vesicles, approximately 110 to 370 nm in diameter, that were spread across the endothelial cells, from the luminal to the abluminal aspect of the blood vessel ( Figure 5A ). These features resembled possible during iRGD coadministration to demonstrate the appearance of silicasomes in a perinuclear distribution in tumor cells undergoing apoptosis ( Figure 5C ). While we do not know the exact reason for the intracellular distribution pattern, this seems to be a common characteristic for a variety of chemotherapeutic nanocarriers including MSNPs. This site was several hundred micrometers away from the nearest tumor blood vessel ( Figure 5C ). While it was possible to observe lower particle density in the tumor matrix of animals not receiving iRGD treatment, we could not locate silicasomes being carried by transcytosed vesicles (Supplemental Figure 6 ).
Differential impact of iRGD coadministration on silicasome uptake in patient-derived PDAC tumors, phenotyped for NRP-1 expression.
While it is clear that the NRP-1 pathway can be functionally engaged by iRGD in the KPC tumor model, we were interested to see whether the peptide could affect silicasome uptake in patient-derived xenografts growing in NOD SCID IL-2α knockout (NSG) mice (37) . One of us (T. Donahue) has established a repository of 23 human PDAC tumors in NSG mice; these tumor samples were obtained from patients during Whipple's surgery. Transferred tumor tissues were phenotypically characterized for cancer features that are distinctive of the corresponding human PDAC tumors, including stromal abundance and the expression of the vesiculo-vacuolar organelle (VVO) described by Dvorak et al. (35) . Semiquantitative analysis of vesicle density, determined by counting the number of vesicles in at least 10 regions of interest (ROIs) and expressing the vesicle number per μm 2 of interior surface area in the cell, demonstrated that iRGD can increase vesicle density approximately 3-fold compared with that of animals not receiving peptide coadministration ( Figure 5A ).
When attempting to visualize silicasome transport by the vesicular system, the low electron density of the MSNPs is difficult to visualize in the heterogeneous and complex PDAC microenvironment. To address this challenge, silicasomes were synthesized to include an approximately 10 nm Au-nanoparticle that could be readily visualized by TEM ( Figure 1A ) (36) . Mice expressing orthotopic KPC tumors were i.v. injected with 50 mg/kg Au-silicasomes in the absence or presence of 8 μmol/kg iRGD. Tumor tissue was harvested 24 hours after injection and fixed to perform TEM analysis. A representative electron micrograph displaying, in one image, (a) electron-dense silicasomes in the blood vessel lumen, (b) vesicular transport in endothelial cells, and (c) particle deposition in the tumor matrix of an animal receiving iRGD coadministration is shown in Figure 5B . Higher magnifications of regions 1-3 in the image confirm the presence of Au-containing particles. It was also The utility of a transcytosis pathway to enhance irinotecan delivery in PDAC is impactful for a number of reasons. The first is the display of a dysplastic stroma, which contributes to drug resistance at the tumor site in addition to augmenting tumor growth and metastasis (12, 13) . While it is often understood that abnormal vascular permeability is the reason for the nanoparticle extravasation, a concept referred to as the EPR effect, we know that the pancreatic cancer stroma actively interferes in vascular permeability (16, (38) (39) (40) . This includes the presence of pericytes that tightly adhere to vascular endothelial cells (16, (38) (39) (40) . Thus, while the EPR effect may contribute to the nanocarrier uptake in PDAC, it is important to consider the possibility that other vascular mechanisms may add to the nanoparticle uptake at the tumor site, including the possible contribution of nutritional transport pathways and vascular growth factors, which regulate the nutritional as well as vascular permeability mechanisms (4, 14, 31, 35, 41, 42 ). The Ruoslahti laboratory described an endocytic pathway that suggests a role in tumor nutrient transport and can also be therapeutically engaged by tumor-penetrating iRGD peptides (21) . In addition, vascular growth factors, such as VEGF, VEGF-A, VEGF-A165, TGF-β, and semaphorin 3A, display CendR motifs that allow binding to α v β 3 and α v β 5 integrins on the tumor vasculature (18, 19, 21) . Thus, proteolytic cleavage and release of the CendR motif could trigger NRP-1-mediated transcytosis (21) in addition to the role of vascular growth factor signaling pathways and their ability to control vascular permeability (43-45). Consequently, it is possible that the NRP-1 pathway may coexist with vascular leakage, including the EPR effect, but displaying different time kinetics. While the response to the CendR motif may commence within minutes, the EPR effect typically requires 6 to 8 hours to peak (17, 46) .
Our data for silicasome transcytosis during iRGD coadministration supplement previous attempts to overcome the stromal-vascular barrier during PDAC treatment (12, 13, 16, 26) . Several agents have been introduced to improve tumor permeability that could be applied to enhancing the tumor access of nanocarriers (12, 42) . Among these, a hedgehog pathway inhibitor (IPI-926) was shown to provide a temporary increase in PDAC vascular density (32) and a PEGylated human recombinant PH20 hyaluronidase (PEGPH20) was shown to induce the reexpansion of PDAC blood vessels (47) . Other agents that promote vascular permeability at the tumor site include bradykinin, nitric oxide, angiotensin-converting enzyme inhibitors, TNF-α, heme oxygenase-1, collagenase, and hyaluronidase (42, (48) (49) (50) (51) (52) (53) . We have also demonstrated that the use of a nanocarrier that delivers a small molecule inhibitor of the TGF-β pathway, LY364947, can rapidly (<2 hours) reverse pericyte adherence to endothelial cells in vivo (16) . The accompanying multiple fold increase in vascular permeability was demonstrated to provide a dramatic increase in the egress of gemcitabine-delivering liposomes at the tumor site (19) . Other approaches for enhancing blood vessel permeability by targeting of the TGF-β pathway have also been reported (39, 40) . Finally, it is worth mentioning that the silicasome carrier can achieve stromal reduction by codelivery of paclitaxel with gemcitabine (26) , to the extent that our carrier could outperform the administration of Abraxane plus free gemcitabine during treatment of orthotopic PDAC tumors in mice (54).
oncogenes and signal pathway components that are characteristic of PDAC (37) . We used the phenotyping information to select a tumor pair that showed roughly the same stromal abundance, but differed with respect to the density and distribution of NRP-1 expression, as determined by IHC staining. The staining was performed on tumor tissue harvested from NSG mice at the third or fourth tumor passage, using ImageJ software to compare the density of NRP-1 expression as well as its colocalization with CD31 and the cellular nucleus (DAPI) (Figure 6 ). This led to the identification of the tumor samples, designated XWR#8 and XWR#187, that displayed similar collagen density (trichrome staining), but differed in NRP-1 expression ( Figure 6A ). Thus, while XWR#8 was characterized by low NRP-1 abundance, XWR#187 had high NRP-1 expression levels ( Figure 6A ). XWR#187 also exhibited more NRP-1-positive tumor blood vessels (~80%) compared with XWR#8 (~35%). Subcutaneous xenografts (n = 3) were established on the flank of NSG mice before the animals were i.v. injected with NIR-labeled silicasomes (50 mg/kg), with or without coadministration of the iRGD peptide (8 μmol/kg). Following animal sacrifice after 24 hours, IVIS imaging of the explanted tissues showed a 50% increase of NIR intensity at the tumor site of XWR#187 mice receiving iRGD; similar enhancement was not seen in XWR#8 mice ( Figure 6B ). These data were confirmed by assessing the elemental Si content of the tumor tissues using ICP-OES ( Figure 6B ). All things considered, our data indicate that the density and distribution of NRP-1 expression determine the degree of silicasome biodistribution to human tumors in vivo.
Discussion
In this communication, we demonstrated that the efficacy of an irinotecan-loaded silicasome carrier can be markedly improved by the coadministration of an unconjugated iRGD peptide that does not require attachment to the carrier. Coadministration of the free iRGD peptide increased silicasome uptake at orthotopic KPC tumors sites 3-to 4-fold, leading to enhanced killing of the primary tumor as well as metastasis inhibition. Overall, this resulted in a substantial improvement in animal survival over the irinotecan-loaded silicasome alone (P = 0.027). The iRGD effect is mediated by interaction with tumor-associated integrins initially, followed by peptide cleavage and the release of the C-terminal end that engages NRP-1 (17, 19) . Although the physiological role of NRP-1 is to control transcytosis for nutritional purposes, the vesicular system can also be used for the transport of nanoparticles, as demonstrated by the reduction of particle transport after the injection of receptor-blocking antibodies. Moreover, EM imaging provided ultrastructural evidence that iRGD could induce the appearance of grouped vesicles in endothelial cells, with the ability to carry Au-labeled silicasomes from the blood vessel lumen to the tumor matrix. We also obtained evidence that NRP-1 regulates a transcytosis pathway in human pancreatic tumors that have been implanted in NSG mice. The selection of a tumor pair with differential NRP-1 expression on the tumor vasculature demonstrated differences in carrier uptake and irinotecan delivery during iRGD treatment. All things considered, these data indicate that it is possible to contemplate the use of a personalized approach to PDAC chemotherapy to enhance the efficacy of irinotecan-loaded silicasome carriers by iRGD coadministration. . To this mixture, we added 0.256 ml of 10% (w/v) triethanolamine for 10 minutes, followed by dropwise addition of 0.32 ml of the silica precursor TEOS. The solution was stirred at 350 rpm for 20 minutes, leading to the creation of Au core/MSNP shell particles with an average size of approximately 65 nm. The particles were purified by sequential washing in 1% NaCl in methanol (w/v) and pure methanol. The Au-labeled MSNPs were then coated with an LB, as described above.
Biodistribution study of i.v.-injected silicasomes with or without iRGD coadministration IVIS (Xenogen) imaging was used to study the biodistribution of NIR-labeled silicasomes in the KPC-derived orthotopic model (n = 3 mice/group) (27) . Animals were i.v. injected with 50 mg/kg of the conjugated and nonconjugated silicasomes with or without the coadministration of 8 μmol/kg iRGD. For coadministration, free iRGD peptide was mixed with the silicasomes in one syringe immediately before injection. Animals were sacrificed after 24 hours followed by ex vivo imaging of the excised tumors and major organs. Tumor biodistribution was also confirmed by assessing the Si content using an ICP-OES protocol (27) .
Assessment of irinotecan-loaded silicasome efficacy by iRGD coadministration in the KPC-derived orthotopic tumor model Tumor-bearing B6/129 mice were randomly assigned into 4 groups, with 6 animals each. The first group was i.v. injected with silicasomes containing an irinotecan dose of 40 mg/kg (80 mg/kg MSNP) every 3 days, for a total of 4 administrations. The second group received the same dose of the irinotecan-loaded silicasome plus coadministration of 8 μmol/kg iRGD. The third and fourth groups were treated with PBS or iRGD alone. The mice were monitored daily up to the point of spontaneous animal death or approaching moribund status (27, 32) . Bioluminescence imaging of the primary tumor and metastasis sites was performed by injecting the animals i.p. with 75 mg/ kg d-luciferin, 10 minutes before sacrifice. The tumor tissue and major organs (gastrointestinal tract, liver, spleen, heart, lung, and kidneys) were harvested for quantitative assessment of bioluminescence image intensity.
Ultrastructural analysis of the transcytosis pathway through TEM viewing KPC-derived orthotopic tumor-bearing mice were treated by i.v. injection of 50 mg/kg of the Au-encapsulated silicasomes, with or without the coadministration of 8 μmol/kg iRGD. Tumor biopsies were collected after 24 hours, washed in PBS, and immediately fixed at 4°C with 2.5% glutaraldehyde. Further sample preparation and sectioning were performed by the Electron Microscopy Services Center at UCLA. After fixation in 1% OsO 4 , the samples were dehyBased on the demonstration that codelivery of iRGD enhances the uptake of silicasomes at the PDAC tumor site (Figure 2) , it is important to stress that the coadministration approach overcomes a major limitation of the alternative delivery mechanism where the peptide is conjugated to the nanocarrier. The explanation lies in the transport capacity of the carrier system, based on the available number of NRP-1 receptors (19, 20) . Thus, while the transport of the conjugated silicasome is limited by the relatively small and finite number of target receptors on the vasculature, separate injection of the unconjugated peptide triggers bulk transfer of bystander silicasomes (in greater number) at the tumor site. Moreover, free iRGD also harbors antimetastatic activity through the regulation of integrin function, as demonstrated by interference in the attachment and migration of culture tumor cells on a fibronectin matrix (55) . This could explain, in part, the peptide interference on tumor metastasis in our study ( Figure 3, B and C) . The use of the free peptide is also more practical and affordable for clinical use, as compared with relying on a conjugation mechanism that increases the cost and the complexity of the carrier synthesis.
Methods
A more detailed description of materials and experimental procedures appears in the Supplemental Materials and Methods.
Silicasome preparation
Synthesis of irinotecan-loaded silicasome. The 65-nm MSNP core was synthesized using a sol-gel procedure as described before (27) . A lipid biofilm was used to produce the silicasomes as previously reported (26, 27) . Briefly, 500 mg MSNPs were soaked in a 20 ml TEA 8 SOS (80 mM) solution, which was added on top of the lipid biofilm, composed of a 550 mg mixture of DSPC/Chol/DSPE-PEG 2000 (molar ratio 3:2:0.15). This mixture was coated at the bottom of a round-bottom flask (27) . After sonication to accomplish particle coating with an LB, free TEA 8 SOS was removed by size-exclusion chromatography over a Sepharose CL-4B column. The TEA 8 SOSloaded silicasomes were incubated in a 10 mg/ml irinotecan solution for drug loading in a water bath at 65°C. The loading of the silicasomes with the irinotecan solution was stopped after 30 minutes by quenching the silicasomes in an ice-water bath, after which the drug-loaded silicasomes were washed 3 times by centrifugation and resuspended in PBS.
Synthesis of iRGD-conjugated silicasome. iRGD-conjugated silicasomes were synthesized by linking the peptide to a PEG chain included in the LB. This was accomplished by using commercially available DSPE-PEG 2000 -maleimide in place of DSPE-PEG 2000 , while maintaining the same molar ratio of the lipids as described above. An excess (0.15 ml, 5 mg/ml) of the cysteine-modified iRGD peptide was conjugated to the DSPE-PEG 2000 -maleimide, using a thiol-maleimide reaction carried out at room temperature for 4 hours (17) . The particles were washed to remove the nonreacted iRGD. The success of the conjugation reaction was confirmed by also preparing a batch of particles conjugated to a fluorescein-labeled (FAM-labeled) iRGD peptide, followed by extensive washing (17) (Supplemental Figure 1A) .
Synthesis of silicasomes with an Au core marker. Au nanoparticles of approximately 10 nm were made by adding 5 ml HAuCl 4 (10 mM) and 45 ml Milli-Q water to a 100 ml round-bottom flask equipped drated in propylene oxide and embedded in resin. Tissue slices 60 to 80 nm thick were placed on copper grids and viewed under a JEOL 1200-EX electron microscope.
Silicasome biodistribution in patient-derived PDAC tumors A repository of 23 PDAC samples was collected from patients undergoing Whipple's surgery and used to establish xenografts in NSG mice in T. Donahue's laboratory. Utilizing phenotyping data and performance of IHC staining for NRP-1 expression, 2 patient samples (XWR#8 and XWR#187) were collected for growing fresh subcutaneous xenografts in the flanks of 6-week-old female NSG mice (37) . When the tumor size grew to a diameter of approximately 0.8 cm, 3 animals in each group receiving silicasomes, with or without iRGD coadministration, were used to assess biodistribution to the tumor site, similarly to the procedure described above. Animals were sacrificed after 24 hours for the performance of ex vivo imaging to determine the uptake of NIR-labeled silicasomes. The imaging data were also confirmed by assessing the Si content at the tumor sites by ICP-OES.
Statistics
Comparative analysis of differences between groups was performed using the 2-tailed Student's t test (Excel software, Microsoft) or 1-way ANOVA followed by Tukey's multiple comparisons (Origin software, OriginLab). Values were expressed as mean ± SD of multiple determinations, as stated in the figure legends. The survival data were processed by the log-rank test (Mantel-Cox) using SPSS software. For all statistical analyses, P < 0.05 was considered statistically significant.
